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14.  ABSTRACT  ~  - - - - - - - - — - - - 

The  Pirn  protein  kinase  is  over  expressed  in  prostate  cancers.  To  clarify  the  role  of  this  protein  in  regulating  prostate  cancer  growth  we 
have  investigated  its  mechanism  of  action.  Additionally,  we  have  studied  the  ability  of  small  molecule  inhibitors  of  Pirn  developed  in  our 
laboratory  to  block  the  growth  stimulatory  affects  of  this  protein  kinase.  We  find  that  Pim-1  is  able  to  decrease  the  levels  of  the  cell  cvcle 
inhibitory  protein  p27  by  phosphorylating  Skp-2,  the  protein  that  regulates  the  level  of P27„  Phosphorylation  of  Skp-2  prolongs  the 

r,a,  ’  '  e  0  .  Pf  ’  lnc[efses  lts  leyels’  and  enhances  its  ability  to  degrade  p27.  Pirn  also  functions  to  stimulate  the  phosphorylation  of  the 
Cdc27  protein  also  inhibiting  its  function.  Since  active  Cdc27  is  needed  for  the  destruction  of  Skp-2,  this  also  increases  Skp-2  and 
decreases  the  levels  of  p27.  Low  levels  of  p27  allow  prostate  cancer  cells  to  rapidly  transit  the  cell  cycle.  We  find  that  our  chemical 
inhibitor  of  Pirn,  SMI-4a,  is  able  to  reverse  the  activity  of  Pim-1  and  increase  the  levels  of  p27.  This  data  suggests  that  inhibition  of  Pim-1 
>  these  agents  would  function  to  block  prostate  cancer  growth  by  inhibiting  transit  through  the  cell  cvcle.  Thus,  our  agent  has  potential 
activity  to  treat  this  cancer.  '  F 
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INTRODUCTION  (subject,  purpose,  and  scope) 

ST  Previously  demonstrated  using  animal  and  tissue  culture  models  that  the  overexpression 
ot  the  F  mi  protein  kinase  even  in  transformed  human  prostate  tumors  will  stimulate  cell  growth 
n  addition,  others  have  demonstrated  using  Kaplan-Meier  analysis  that  patients  with  a  higher  ' 

concert  with  WC  SUggeSt  ‘h£“ ,he' ^  Protooncogene  works  in 

conceit  with  low  levels s  of  p27  to  drive  tumor  growth.  Further,  we  hypothesize  that  small 

molecule  inhibitors  of  Pim  protein  kinase  have  the  potential  to  reverse  these  effects.  As  a 

research  team  involving  chemists  and  biologists,  we  have  developed  novel  benzylidene 

thiazohdme-2  4  diones  that  inhibit  Pim  kinase  activity  and  demonstrated  that  these  compounds 

aie  capable  of  blocking  Pim  kinase  activity  both  in  tissue  culture  and  in  animals.  The  goal  of 

these  experiments  is  three  fold.  Our  first  goal  is  to  understand  the  mechanism  by  which  Pim 

piotem  kinases  stimulate  the  cell  cycle  by  regulating  p27  levels.  This  work  has  led  to  a 

publication  m  The  Journal  of  Biological  Chemistry  (see  reportable  outcomes)  in  which  we 

describe  the  ability  of  Pim  to  phosphorylate  both  Skp-2  and  Cdc27.  The  second  goal  of  this 

work  is  to  determine  the  mechanism  by  which  Pim  controls  the  levels  of  c-Myc  and  whether  this 

conelates  with  the  level  of  Pim  protein  kinases.  The  third  goal  is  to  evaluate  whether  maximal 

inhibition  of  tumor  growth  requires  small  molecule  inhibition  of  all  three  Pim  protein  kinases. 

BODY 

Our  research  efforts  have  focused  on  specific  portions  of  the  Statement  of  Work  and  in  an 
a  tempt  to  ring  together  data  that  will  satisfy  the  needs  of  a  peer  reviewed  publication.  This 
has  ed  to  a  paper  in  the  Journal  of  Biological  Chemistry  describing  the  effects  of  Pim  on  n27 
levels  and  regulation  by  the  ubiquitin  degradation  system.  For  the  current  work,  we  have 
ocused  on  Task  3  parts  1  and  2.  Although  these  tasks  were  not  evaluated  in  the  order  of  the 
prescribed  Statement  of  Work,  this  analysis  does  form  a  coherent  explanation  for  the  activity  of 
the  Pun  protein  kinase.  The  results  of  these  experiments  are  documented  in  a  paper  recently 
pub  ished  in  the  I  roceedings  of  the  National  Academy  of Sciences  that  is  attached.  Rather  than 
sepai  ating  these  tasks  into  individual  goals  for  simplicity  we  have  combined  this  description. 

Task  3  to  he  completed  in  year  3:  This  task  asked  us  to  evaluate  the  interaction  between  the  c- 
Myc  protein  and  Pim  kinase  using  our  unique  small  molecule  Pim  inhibitor  SMI-4a  To 
evaluate  this  interaction  we  have  chosen  to  step  back  from  the  complicated  prostate  cancer 
models  usually  employed  in  Pim  research,  and  attempt  to  initially  simplify  this  analysis  using 
MEFs  from  animals  that  are  missing  all  of  the  3  Pim  kinase  isoforms  (triple  knockout  TKO) 
Because  there  is  no  Pim  kinase  activity  the  biology  of  these  cells  mimics  the  effect  of’a  small 
molecule  Pim  inhibitor  with  no  off  target  effects.  We  find  that  the  TKO  cells  do  not  grow  well 
u  exPressi°n  of  Pim  3  in  these  cells  stimulated  their  growth  similar  to  wild  type  cells 
(containing  all  3  Pim  isoforms)  (Fig.  1).  In  contrast,  Pim-2  stimulated  intermediate  growth  and 
Pun- 1  alone  was  not  capable  of  stimulating  the  growth  of  these  cells  at  all. 

These  results  are  of  importance  to  the  prostate  cancer  field  because  immunohistochemistry  of 
human  prostate  cancers  compared  to  normal  paired  samples  from  the  same  patient  showed  that 
Pun- 3  was  over  expressed  in  prostate  tumors  (Fig.  2). 
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The  ™  f  “S  ®videnced  lower  levels  of. ATP  and  higher  amounts  of  AMP  (Fig.  3a).  The 

relktr  ->m  rS  fh°Wn  t0,  ph,°Sphorylate  AMP-dependent  protein  kinase  (AMPK)  in  these 
AVIP  \TpJ  j  n  erestingly  the  over  expression  of  Pim-3  is  shown  to  reverse  the  levels  of 
Ai  1P.ATP  and  to  inhibit  AMPK  phosphorylation.  Additionally.  Pim-3  is  shown  to  elevate  the 
levels  ofc-Myc,  both  from  MEFs  derived  from  Pim-3  only  mice  and  TKO  MEFs  that  express 
im-3  after  transduction  (Fig.  4a,  b).  To  examine  how  Pim-3  elevated  the  levels  ofc-Mvc  we 
first  performed  cydoheximide  treatment  and  release  of  MEFs.  Results  demonstrated  that' 

,  Pim-J  cells  synthesized  more  c-Myc  at  earlier  time  points  (Fig.  5a).  When  a  polvsome 

T  C‘MyC  mRNA  WaS  f°Und  to  associate  the  polysomes^ 
TKO/Pim-j  and  WT  MEFs,  but  in  TKO  MEFs  the  c-Myc  mRNA  was  found  to  associate  with 

of  "he  Pirn?"8  8‘  ’  SUggeSting  that  5'-caP-dependent  translation  was  blocked  in  the  absence 

We  also  demonstrated  that  Pim-3  is  capable  of  elevating  the  levels  of  the  PGC-la.  (Fig.  6) 
vej1  though  both  c-Myc  and  Pim-3  increase  the  growth  of  TKO  MEFs,  only  Pim-3  is  able 
markecliy  increase  the  level  of  PGC-la  protein  (Fig.  7a).  Transduction  of  PGC-la  into  TKO 
s  raised  the  levels  of  ATP  and  lowered  the  level  of  phosphorylated  AMPK  (Fig  7b) 

suggesting  that  the  ability  of  Pim-3  to  control  this  enzyme  is  essential  for  its  mechanism  of 
action. 

We  therefore  propose  a  model  (Fig.  8)  by  which  Pim-3  regulates  PGC-la,  lowering  the  levels  of 
.stimulating  mTORCl  activity  and  increasing  the  synthesis  ofc-Myc  thus  promoting  the 
gro  wth  of  these  fibroblasts.  We  are  in  the  process  of  validating  this  model  in  prostate  candr 
cells  but  initial  results  suggest  that  there  is  a  significant  degree  of  overlap.  First,  we  find  that  the 
evels  of  Pimo  are  elevated  m  human  prostate  tumor  samples  by  IHC.  Second,  PC-3  and 

Pim_3  show  increased  ATP  levels  and  higher  growth  rates  than 


KEY  RESEARCH  ACCOMPLISHMENTS 

Knoclong  down  Pim-1  or  inhibiting  its  activity  with  the  small  molecule  Pirn 

inhibitor  SMI-4a  blocked  mTORCl  activity. 

*  P>m_l  Kd  to  increases  in  AMP  kinase  activity,  a  known  mTORCl 
inhibitor. 

•  Mouse  embryo  fibroblasts  (MEFs)  which  were  knock-out  for  all  three  Pirns  (TKO, 
grew  much  more  slowly  than  wild  type  and  had  elevated  ratios  of  AMP:ATP  ’ 
TKO  MEFs  had  elevated  AMPK  activity  . 

protdnMEFS  had  deCrCaSed  rateS  of  Protein  synthesis  and  decreased  levels  ofc-Myc 

Elevating  the  levels  of  Pim-3  alone  was  sufficient  to  markedly  increase  growth 
stimulate  increases  in  c-Myc  protein  levels,  and  elevate  the  levels  of  PGC-la. 
Transduction  of  PGC-la  was  sufficient  to  elevate  ATP  and  c-Myc  protein. 
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CONCLUSIONS 


I  he  serme/threonine  Pim  kinases  are  overexpressed  in  prostate  cancers  and  promote  cell  growth 
and  survival.  Here,  we  find  that  a  novel  Pim  kinase  inhibitor,  SMI-4a,  or  Pim-1  siRNA  blocked 
the  rapamycin-sensitive  mammalian  target  of  rapamycin  (mTORCl)  activity  by  stimulating  the 
phosphorylation  and  thus  activating  the  mTORCl  negative  regulator  AMP-dependent  protein 
kinase  (AMPK).  Mouse  embryonic  fibroblasts  (MEFs)  deficient  for  all  three  Pim  kinases  [triple 
knockout  (TKO)]  demonstrated  activated  AMPK  driven  by  elevated  ratios  of  AMP:  ATP  relative 
to  wild  type  MEFs.  Consistent  with  these  findings,  TKO  MEFs  were  found  to  grow  slowly  in 
culture  and  have  decreased  rates  ot  protein  synthesis  secondary  to  a  diminished  amount  of  5'- 
cap-dependent  translation.  Pim-3  expression  alone  in  TKO  MEFs  was  sufficient  to  reverse 
AMPK  activation,  increase  protein  synthesis,  and  drive  MEF  growth  similar  to  wdld  type.  Pim-3 
expression  was  found  to  markedly  increase  the  protein  levels  of  both  c-Myc  and  the  peroxisome 
proliferator-activated  receptor  gamma  coactivator  1  a  (PGC- 1  a),  enzymes  capable  of  regulating 
glycolysis  and  mitochondrial  biogenesis,  which  were  diminished  in  TKO  MEFs.  Overexpression 
of  PGC- la  in  TKO  MEFs  elevated  ATP  levels  and  inhibited  the  activation  of  AMPK.  These 
results  demonstrate  the  Pim  kinase-mediated  control  of  energy  metabolism  and  thus  regulation  of 
AMPK  activity.  We  identify  an  important  role  for  Pim-3  in  modulating  c-Myc  and  PGC- la 
piotein  levels  and  cell  growth.  We  find  by  IHC  of  human  samples  that  Pim-3  is  elevated  in 
human  piostate  cancer,  suggesting  that  these  results  will  impact  on  human  prostate  cancer 

growth.  Further  experiments  are  being  carried  out  to  directly  validate  these  findings  in  human 
prostate  cancer. 
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The  serine/threonine  Pim  kinases  are  overexpressed  in  solid 
cancers  and  hematologic  malignancies  and  promote  cell  growth 
and  survival.  Here,  we  find  that  a  novel  Pim  kinase  inhibitor, 
SMI-4a,  or  Pim-1  siRNA  blocked  the  rapamycin-sensitive  mamma¬ 
lian  target  of  rapamycin  (mTORCI)  activity  by  stimulating  the  phos¬ 
phorylation  and  thus  activating  the  mTORCI  negative  regulator 
AMP-dependent  protein  kinase  (AMPK).  Mouse  embryonic  fibro¬ 
blasts  (MEFs)  deficient  for  all  three  Pim  kinases  [triple  knockout 
(TKO)  MEFs]  demonstrated  activated  AMPK  driven  by  elevated 
ratios  of  AMP: ATP  relative  to  wild-type  MEFs.  Consistent  with 
these  findings,  TKO  MEFs  were  found  to  grow  slowly  in  culture 
and  have  decreased  rates  of  protein  synthesis  secondary  to  a 
diminished  amount  of  5  -cap-dependent  translation.  Pim-3  expres¬ 
sion  alone  in  TKO  MEFs  was  sufficient  to  reverse  AMPK  activation, 
increase  protein  synthesis,  and  drive  MEF  growth  similar  to  wild 
type.  Pim-3  expression  was  found  to  markedly  increase  the  protein 
levels  of  both  c-Myc  and  the  peroxisome  proliferator-activated 
receptor  gamma  coactivator  la  (PGC-la),  enzymes  capable  of 
regulating  glycolysis  and  mitochondrial  biogenesis,  which  were 
diminished  in  TKO  MEFs.  Overexpression  of  PGC-la  in  TKO  MEFs 
elevated  ATP  levels  and  inhibited  the  activation  of  AMPK.  These 
results  demonstrate  the  Pim  kinase-mediated  control  of  energy 
metabolism  and  thus  regulation  of  AMPK  activity.  We  identify 
an  important  role  for  Pim-3  in  modulating  c-Myc  and  PGC-la  pro¬ 
tein  levels  and  cell  growth. 

LKB1  |  mitochondria  [  mTOR  j  4EBP1 

The  Pim  serine/threonine  kinases  include  three  isoforms,  Pim- 
1,  Pim-2,  and  Pim-3,  that  are  implicated  in  the  growth  and 
progression  of  hematological  malignancies,  prostate  cancer, 
and,  in  the  case  of  Pim-3,  in  precancerous  and  cancerous  lesions 
of  the  pancreas,  liver,  colon,  and  stomach  (1-5).  Pim-1  and  Pim-2 
have  been  shown  to  cooperate  with  c-Myc  in  inducing  lymphoma 
(6),  and  prostate  cancer  (7),  and  in  the  absence  of  Pim-1  and 
Pim-2,  Pim-3  is  activated  in  c-Myc-induced  lymphomas  (8).  The 
mechanisms  suggested  to  explain  this  Pim— Myc  synergism  include 
Pirn-mediated  stabilization  of  c-Myc  protein  (9)  and  regulation 
of  gene  transcription  via  Pim-1  phosphorylation  of  histone  H3 
at  active  sites  of  c-Myc  transcription  (10).  Other  Pim  kinase  sub¬ 
strates  that  suggest  these  enzymes  play  a  role  in  cell  cycle  progres¬ 
sion  and  antiapoptosis  include  BAD,  Bcl-2,  Bcl-xL  (11  12) 
p27K,pi  (13),  and  Cdc25A  (14).  7 

Recently,  Pim  kinases  have  been  suggested  to  promote  the  ac¬ 
tivity  of  the  rapamycin-sensitive  mammalian  target  of  rapamycin 
(mTORCI)  (15-17).  mTORCI  is  a  serine/threonine  kinase  that 
regulates  cell  growth  and  metabolism  (18).  The  mTORCI  com¬ 
plex,  composed  of  mTOR,  raptor,  GpL,  and  PRAS40,  promotes 
protein  synthesis  by  phosphoiylating  4EBP1,  thus  stimulating  its 
dissociation  Irom  the  translational  regulator  eukaryotic  initiation 
factor  4E  (elF4E)  (17)  allowing  for  cap-dependent  translation. 
mTORCI  activity  is  regulated  by  a  cascade  of  enzymes  including 
LKBl,  AMP-dependent  protein  kinase  (AMPK),  and  TSC1  and  2 
(19).  AMPK  senses  the  cellular  energy  status  and  is  activated  via 
LKBl -mediated  phosphorylation  when  there  is  a  decline  in  ATP 


levels  and  concomitant  rise  in  AMP  levels;  i.e.,  high  AMP: ATP 
ratio  (20).  Activated  AMPK  down-regulates  the*  energetically 
demanding  process  of  protein  synthesis  by  inhibiting  mTORCI 
activity  through  phosphorylating  TSC2  and  raptor  (20).  The 
mechanisms  by  which  Pim  kinase  stimulates  mTORCI  appear 
complex  and  include  4EBP1,  eIF4E  (16,  21-23),  and  PRAS40 
phosphoiylation  (15). 

Because  of  the  importance  of  the  Pim  kinase  signal  transduc¬ 
tion  pathway  in  the  progression  of  various  cancers,  multiple 
groups  have  developed  small-molecule  inhibitors  of  this  kinase 
family  (24-28).  We  have  identified  unique  benzylidene-thiazoli- 
dine-2-4-diones  (23,  29)  that  inhibit  Pim  kinase  activity  in  vitro 
at  nanomolar  concentrations,  and  in  culture  induce  apoptosis 
of  human  leukemic  cells  (30)  and  synerigize  with  rapamycin  to 
downregulate  4EBP1  phosphorylation  and  inhibit  cell  growth 
(29).  Taking  advantage  of  these  inhibitors,  siRNA,  and  genetically 
engineered  Pim-deficient  cells,  we  have  discovered  a  unique  role 
for  Pim-3  in  regulating  mTORCI  activity  through  modulation  of 
ATP  levels  by  the  induction  of  c-Myc  and  the  transcriptional 
coactivator  and  master  regulator  of  mitochondrial  biogenesis  per¬ 
oxisome  proliferator-activated  receptor  gamma  coactivator  la 
(PGC-la). 

Results 

Pim  Kinase  Negatively  Regulates  AMPK.  To  examine  the  mechanisms 
by  which  Pim  kinase  can  regulate  the  mTORCI  pathway,  the 
human  erythroleukemia  cell  line  K562  was  incubated  with  the 
thiazolidinedione  Pim  kinase  inhibitor  SMl-4a  (23),  and  the 
phosphorylation  of  AMPK  was  studied.  AMPK  activation  results 
in  the  phosphorylation  of  raptor  and  TSC2  and  thus  inhibits 
mTORCI  activity  (20,  31),  Pim  kinase  inhibition  with  SMl-4a  in¬ 
duced  the  activation  of  AMPK  as  determined  by  phosphorylation 
of  AMPKa  at  Thrl72,  and  the  AMPK  targets  acetyl-CoA  carbox¬ 
ylase  (ACC)  at  Ser79  and  raptor  at  Ser792  and  inhibition  of 
mTORCI  activity  as  determined  by  decreased  phosphorylation 
of  the  mTORCI  targets  S6K  and  4EBP1  (Fig.  1  A  and  B ).  Ad¬ 
ditionally,  knockdown  of  Pim-1  levels  with  a  targeted  siRNA  in¬ 
creased  AMPK  phosphorylation  (Fig.  1C),  suggesting  that  Pim-1 
negatively  regulates  the  phosphorylation  of  this  enzyme.  Because 
the  LKBl  kinase  is  known  to  activate  AMPK  via  phosphoiylation 
at  Thrl72  (32)  and  loss  of  LKBl  activity  is  frequently  associated 
with  the  transformed  phenotype  (32),  we  examined  the  ability 
of  SMI-4a  and  SMI-16a,  another  Pim  kinase  inhibitor,  (29)  to 
regulate  AMPK  phosphorylation  in  a  panel  of  LKBl -containing 
(H358,  H661)  and  deficient  (H23,  H460,  A549)  lung  cancer  cell 
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Fig.  1 .  Pim  kinase  inhibition  activates  AMPK.  (A  and  fl)  K562  cells  were  trea¬ 
ted  with  DMSO  or  SMI-4a  (5  pM)  for  1  h  in  the  absence  of  serum,  and  lysates 
were  probed  for  the  indicated  proteins  by  Western  blotting.  (Q  K562  cells 
were  transfected  with  scrambled  siRNA  (sicontrol)  or  Pim-1  siRNA  (siPim- 
1),  and  48  h  later  lysates  were  probed  for  the  indicated  proteins  by  Western 
blotting.  (D)  Western  blot  for  LKB1  levels  in  lung  cancer  cell  lines  and  the 
leukemia  cell  line  K562.  (£)  Lung  and  leukemia  cells  were  treated  with  DMSO 
SMI-4a,  or  SMI-1 6a  (5  pM)  for  1  h  in  the  absence  of  serum,  and  lysates  were 
probed  for  the  indicated  proteins  by  Western  blotting. 

lines  along  with  the  LKBl-positive  K562  cell  line  (Fig.  ID).  These 
results  demonstrate  that  the  Pim  kinase  inhibitors  SMI-4a  and 
SMI-16a  required  LKB1  to  stimulate  AMPK  activity  (Fig.  IE). 

To  further  confirm  that  Pim  kinase  regulates  the  activation 
of  AMPK,  we  generated  mouse  embiyonic  fibroblasts  (MEFs) 
deficient  for  Pim-1,  -2,  and  -3  [triple  knockout  (TKO)]  (33), 


and  wild-type  (WT)  littermate  control  MEFs.  Consistent  with 
both  the  siRNA  and  small-molecule  inhibition  of  Pim  kinase 
activity,  TKO  MEFs  had  significantly  higher  AMPK  phosphorv- 
latmn  compared  to  WT  MEFs  (Fig.  24).  To  determine  the  con¬ 
tribution  of  each  Pim  isoform  to  AMPK  activation  TKO  MEFs 
were  transduced  with  Pim-1,  -2,  or  -3  lentiviruses.  Although  each 
Pim  isoform  reduced  p-AMPK  levels,  Pim-3  showed  the  greatest 
effect  (Fig.  SIM)  leading  us  to  focus  on  elucidating  the  unique 
role  of  Pim-3.  To  confirm  this  result,  we  generated  MEFs  defi 
cient  in  Pim-1  and  Pim-2  (Pim-1-/-,  -2-/-,  -3-/-)  but  expressing 
Pim-3,  and  demonstrated  that  these  cells  showed  less  activated 
AMPK  than  TKO  MEFs  (Fig.  24).  As  AMPK  activation  is  regu¬ 
lated  by  increased  AMP,  we  measured  the  levels  of  AMP  and 
ATP  and  found  that  AMPK  phosphorylation  correlates  with  the 
cellular  AMP: ATP  ratio  in  these  knockout  MEFs  (Fig.  2 B). 
Growth  curves  of  these  MEFs  demonstrated  a  further  correlation 
between  proliferation,  AMP:  ATP  ratio,  and  AMPK  phosphory¬ 
lation  status  (Fig.  2C)  with  the  TKO  MEFs  showing  the  slowest 
growth  rate.  Similar  results  were  obtained  with  immortalized 
WTor  TKO  MEFs  transduced  with  empty  vector  or  a  lentivirus 
expressing  Pim-3  (Fig.  SIB). 

Because  activation  of  AMPK  leads  to  inhibition  of  mTORCl 
activity  (31),  we  measured  the  level  of  protein  synthesis  in  each  of 
the  MEFs.  Labeling  of  MEFs  with  35S-methionine  and  measuring 
newly  synthesized  protein  demonstrated,  as  predicted,  that  TKO 
MEFs  when  compared  to  WT  have  lower  rates  of  protein  synth¬ 
esis  (approximately  58%  relative  to  WT).  Expression  of  Pim-3 
m  the  TKO  cells  increased  protein  synthesis  from  58%  (TKO) 
to  83%  relative  to  WT  (Fig.  2D).  Consistent  with  this  result 
we  found  that  in  TKO  MEFs  the  cap-dependent  but  not  internal 
ribosome  entry  site  (IRES)-dependent  translational  activity  is 
reduced  (Fig.  2 E).  Cap-dependent  translation  depends  on  the 
mTORCl-mediated  release  of  4EBP1  from  eIF4E  and  the  for- 
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mation  of  the  eIF4F  complex.  Using  m7-GTP  beads  in  a  pull¬ 
down  assay  (34),  we  found  that  in  TKO  MEFs  eIF4E  is  highly 
bound  to  4EBP1,  whereas  eIF4G  binding  is  lost  and  thus  the  abil¬ 
ity  of  eIF4E  to  promote  translation  is  inhibited  (Fig  SIC)  These 

results  demonstrate  that  reduced  Pirn  kinase  activity  correlates 
with  increased  AMP:  ATP  ratio,  activation  of  AMPK,  inhibition 
of  mTORCl  activity,  and  reduced  overall  protein  synthesis. 

Pim-3  Regulates  c-Myc  Levels.  In  comparison  to  TKO  MEFs,  Pim- 
3-expressing  cells  demonstrated  increased  5 '-cap-dependent 
protein  synthesis  and  growth  similar  to  WT  MEFs.  Because 
the  levels  of  the  c-Myc  protein  are  controlled  by  5 '-cap-depen¬ 
dent  transcription,  and  c-Myc  is  important  in  the  regulation  of 
both  cell  growth  and  overall  cellular  metabolism,  we  examined 
the  levels  of  c-Myc  in  MEFs  from  each  genotype.  Western  blots 
demonstrate  that  the  expression  of  Pim-3  either  in  primary  MEFs 
(Fig.  3A)  or  after  transduction  into  TKO  MEFs  (Fig.  3 B)  mark¬ 
edly  increased  c-Myc  protein.  Similar  to  p-AMPK  (Fig.  SL4), 
neither  Pim-1  nor  Pim-2  was  able  to  induce  the  significant  levels 
of  c-Myc  protein  observed  with  Pim-3  overexpression  in  TKO 
MEFs  (Fig.  35).  Furthermore,  expression  of  Pim-1  or  Pim-2  in 
Pim-3-only  MEFs  led  to  a  decrease  in  c-Myc  protein  levels 
(Fig.  SID),  suggesting  the  possibility  that  the  Pirn  kinases  could 
compete  for  substrates  or  interact  directly.  Because  of  the 
marked  difference  in  c-Myc  protein  levels  in  MEFs  containing 
Pim-3  only,  we  tested  two  additional  MEF  cell  lines  generated 
from  different  embryos  of  the  same  genotype  and  again  observed 
increased  c-Myc  protein  levels  (Fig.  S2 B).  To  determine  whether 
the  increased  c-Myc  level  in  Pim-3-expressing  cells  is  unique  to 
MEFs  in  culture,  we  measured  the  c-Myc  levels  in  spleen  lysates 
of  4-mo-old  WT,  TKO,  and  Pirn- 1  - 2 -3+/+  mice  and  again 

found  the  highest  level  of  c-Myc  protein  in  the  Pim-3-only 
genotype  (Fig.  S2C).  Because  deletion  of  one  Pirn  might  grossly 
elevate  the  level  of  another,  in  this  case  Pim-3,  we  measured  the 
level  of  Pim-3  mRNA  in  the  different  MEF  genotypes  but  did  not 
fmd  a  significant  difference  (Fig.  S2A).  These  results  suggested 
that  Pim-3  might  modulate  c-Myc  translation. 


To  determine  the  effect  of  Pim-3  on  c-Myc  translation,  we  trea¬ 
ted  MEFs  with  cycloheximide  until  c-Myc  protein  was  completely 
degraded,  washed  out  the  cycloheximide,  and  then  monitored  by 
Western  blotting  the  rate  of  increase  in  c-Myc  protein  over  time. 
To  make  this  comparison  possible,  2.5  times  more  protein  from 
TKO  MEFs  was  loaded  on  these  SDS  gels.  TKO  MEFs  showed  a 
delay  in  protein  synthesis  with  only  53  and  43%  as  much  c-Myc 
protein  synthesis  in  the  first  15  min  when  compared  to  WTanrl 
TKO/Pim-3  MEFS,  respectively  (Fig.  3C).  This  result  is  consis¬ 
tent  with  the  reduced  protein  synthesis  in  the  TKO  MEFs 
(Fig.  2D).  Because  the  overall  translational  efficiency  in  cells  is 
reflected  by  changes  in  the  polysome/monosome  ratio,  we  deter¬ 
mined  the  polysome  profile  using  cytosolic  extracts  of  WT  TKO 
and  TKO/Pim-3  cells.  TKO  cells  showed  a  significant  reduction 
in  heavy  polysomes  and  a  corresponding  increase  in  free  ribo¬ 
some  subunits  (Fig.  3D  Upper).  However,  expression  of  Pim-3 
in  TKO  cells  resulted  in  a  significant  increase  in  heavy  polysomes 
c-Myc  mRNA  showed  redistribution  from  heavy  toward  lighter 
polysomes  and  monosomes  and  free  subunits  in  TKO  cells  rela¬ 
tive  to  WT  (Fig.  3D  Lower).  This  shift  was  reversed  by  Pim-3 
expression,  suggesting  that  Pim-3  is  capable  of  controlling  the 
translation  of  c-Myc  mRNA  (Fig.  3D  Lower).  Because  Pim-1 
and  -2  have  been  shown  to  increase  the  stability  of  c-Myc  (9) 
we  examined  changes  in  c-Myc  protein  stability  in  TKO  and 
TKO/Pim-3  MEFs  after  cycloheximide  treatment  but  found 
no  significant  difference  in  c-Myc  half-life  in  the  Pim-3-contain- 
mg  cells  (Fig.  S2D).  Finally,  we  found  that  the  expression  of 

?^yCcinxTK°.MEFs  !ed  to  a  decrease  in  AMPK  activation 
(rig,  S 2E)  consistent  with  the  ability  of  c-Myc  to  stimulate  cell 
growth. 

Pim-3  and  c-Myc  Regulate  PGC-1a  Levels.  The  differences  in  the 
growth  rate  between  the  TKO  and  Pim-3  only  MEFs  could 
possibly  be  explained  by  the  Pim-3-mediated  increased  c-Myc  be¬ 
cause  the  latter  is  known  to  control  multiple  factors  that  regulate 
cell  growth  and  metabolism  (35, 36).  Therefore,  we  compared  the 
growth  rate  of  TKO  MEFs  stably  expressing  empty  vector  Pim-3 
or  c-Myc  to  WT  MEFs.  The  TKO/c-Myc  MEFs  were  able  to 
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grow  in  the  absence  of  Pim  kinases  but  did  not  reach  the  same 
density  in  96  h  (Fig.  44).  The  shRNA-mediated  knockdown  of 
c-Myc  m  TKO/Pim-3  MEFs  did  not  completely  inhibit  cell  pro¬ 
liferation  (Fig.  4 B).  Together,  these  results  suggest  that  Pim-3 
and  c-Myc  do  not  have  completely  overlapping  biologic  activities. 
To  understand  how  Pim-3  decreases  the  AMP: ATP  ratio  and 
inhibits  AMPK  phosphorylation,  we  measured  the  levels  of 
PGC'lcc  PGC-la  activates  a  wide  variety  of  transcription  factors 
that  result  in  increased  mitochondrial  biogenesis  and  oxidative 
phosphorylation  (37).  Increased  expression  of  PGC-la  can  lead 
to  elevations  in  ATP  levels  (38),  whereas  PGC-la  knockout  leads 
to  reduced  ATP  levels  in  murine  hearts  (39).  PGC-la  expression 
and  PGC- la-dependent  gene  expression  are  induced  by  chemical 
activation  of  AMPK,  and  AMPK  directly  phosphorylates  PGC- 
la,  leading  to  increased  transcriptional  activity  (40-42).  We 
found  that  the  levels  of  PGC-la  mRNA  and  protein  were  greatly 
reduced  in  TKO  MEFs,  highest  in  Pim-3-only  MEFs,  and  inter¬ 
mediate  in  WT  cells  (Fig.  4C  and  D).  To  examine  the  contribu¬ 
tions  of  Pim-3  and  c-Myc  in  regulating  PGC-la  levels,  we  infected 
TKO  MEFs  with  lentiviruses  expressing  c-Myc  or  Pim-3  and 
found  that  Pim-3  induced  marked  increases  in  PGC-la  mRNA 
(12-fold)  and  protein;  the  effect  of  c-Myc  alone  was  a  4-fold 
increase  in  mRNA,  and  the  increase  in  protein  was  quantitated 
at  only  10%  that  of  Pim-3  (Fig.  AD,  E). 

The  above  results  suggest  that  the  increased  AMP:  ATP  ratio 
m  TKO  MEFs  may  be  attributed  to  low  ATP  levels  due  to  de¬ 
creased  PGC-la  protein,  thus  leading  to  AMPK  activation.  To 
examine  whether  overexpression  of  PGC-la  in  TKO  MEFs 
was  sufficient  to  reduce  p-AMPK  by  increasing  the  level  of  cel¬ 
lular  ATP,  we  transduced  TKO  MEFs  with  a  lentivirus  expressing 
PGC-la.  Western  blots  and  biochemical  analysis  demonstrate 
that  PGC-la  expression  in  TKO  MEFs  decreased  the  level  of 
p-AMPK  (Fig.  5 A)  and  increased  the  levels  of  ATP  (Fig  SB) 
leading  to  decreased  4EBP1  binding  to  eIF4E  while  increasing 


eIF4G  association  with  the  eIF4E  protein  (Fig.  S3).  In  contrast 
PGC-la  expression  in  TKO  MEFs  showed  little  effect  on  c-Myc 
levels  (Fig.  5A).  Thus,  Pim-3,  by  controlling  the  levels  of  both 
c-Myc  and  PGC-la,  is  able  to  impact  on  AMPK  phosphorylation, 
mTORCl  activity,  5'-cap-dependent  translation,  and  ultimately 
cell  growth  (Fig.  5C). 

Discussion 

The  combined  approach  of  genetic  knockout,  RNAi,  and  small- 
molecule  inhibition  implicate  the  Pim  kinases  in  regulating  the 
AMP: ATP  ratio  and  energy  metabolism.  These  effects  lead  to 
the  modulation  of  the  mTORCl  pathway  by  AMPK  and  the  con¬ 
trol  of  cell  growth.  In  leukemic  cells,  the  pan-Pim  kinase  inhibitor 
SMI-4a  stimulated  the  phosphorylation  and  activation  of  AMPK, 
whereas  in  TKO  MEFs  the  ratio  of  AMP:  ATP  was  markedly 
increased  and  AMPK  was  activated.  Because  AMPK  is  a  negative 
regulator  of  mTORCl,  we  found  in  leukemic  cells  treated  with 
SMI-4a  and  in  TKO  MEFs  that  mTORCl  activity  is  inhibited  and 
cap-dependent  translation  is  significantly  decreased.  In  MEFs, 
the  expression  of  Pim-3  alone  could  reverse  these  processes,  low¬ 
ering  the  AMP:  ATP  ratio,  decreasing  the  activation  of  AMPK, 
and  increasing  cap-dependent  translation,  all  resulting  in  cellular 
growth  rates  comparable  to  WT  MEFs.  The  differences  between 
the  TKO  and  Pim-3-only  MEFs  could  be  explained  in  part  by 
the  Pim-3-mediated  increased  c-Myc  because  the  latter  controls 
multiple  transcription  factors  that  regulate  cell  growth  and 
metabolism  (35,  36).  Infection  of  TKO  MEFS  with  a  lentivirus 
expressing  c-Myc  increased  the  growth  of  these  cells  but  did 
not  duplicate  the  growth  curve  of  Pim-3-expressing  MEFs. 

In  muscle  and  fat  tissue,  the  ability  of  activated  AMPK  to 
maintain  an  energy  balance  is  achieved  in  part  by  stimulating 
PGC-la  (41).  The  ability  of  PGC-la  to  coactivate  multiple 
transcription  factors  makes  this  protein  a  master  regulator  of 
mitochondrial  biogenesis  (43).  Considering  this  link  between 
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AMPK  and  PGC-la  in  the  sensing  and  regulation  of  the  cell’s 
energy  status,  the  levels  of  PGC-la  were  investigated  and  found 
to  be  significantly  lower  in  TKO  MEFs.  In  comparison,  Pim-3— 
containing  MEFs  showed  increased  levels  of  PGC-la’ relative 
to  WT.  Therefore,  in  the  case  of  the  TKO  MEFs,  chronic  AMPK 
activation  coupled  with  drastically  reduced  levels  of  PGC-la 
protein  resulted  in  an  elevated  AMP: ATP  ratio.  Accordingly, 
infection  of  TKO  MEFs  with  a  lentivirus  expressing  PGC-la 
was  shown  to  increase  ATP  levels  and  decrease  AMPK  activation 
The  increased  PGC-la  levels  in  Pim-3-only  MEFs  cannot  be 
attributed  solely  to  increased  c-Myc  because  TKO/c-Myc  MEFs 
showed  lower  levels  of  PGC-la  mRNA  and  protein  relative  to 
TKO/Pim-3  MEFs.  This  suggests  the  possibility  that  Pim-3  and 
c-Myc  could  cooperate  in  regulating  PGC-la  levels  in  MEFs.  This 
cooperation  may  extend  beyond  transcription/translation  because 
PGC-la  levels  and  activity  are  regulated  by  multiple  posttransla- 
tional  mechanisms  (37). 

Pim-3  is  the  least-studied  kinase  of  the  Pirn  family^  however,  it 
has  been  linked  to  the  development  and  progression  of  colon  and 
pancreatic  cancers  (2—4,  44).  Despite  the  high  sequence  identity 
and  overlapping  substrate  specificity  of  the  Pirn  kinases,  Pim-3 
expression  alone  is  shown  to  overcome  at  least  some  of  the  defects 
found  in  the  loss  of  both  Pim-1  and  Pim-2,  including  growth  rate. 
Additionally,  the  knockout  of  Pim-1  and  -2  and  the  expression  of 
Pim-3  only  led  to  a  marked  increase  in  c-Myc  protein  relative  to 
WT  MEFs.  The  observation  that  the  transduction  of  Pim-1  or  -2 
into  MEFs  containing  Pim-3  suppressed  c-Myc  levels  suggested 
the  possibility  that  individual  Pirn  isoforms  may  regulate  each 
other  either  directly  or  through  substrate  competition.  This  poses 
the  question  of  whether  Pirn  isoforms  either  individually  or  acting 
in  concert  regulate  different  biological  processes  and  under  what 
cellular  circumstances.  The  question  of  the  activity  of  Pirn  iso¬ 
forms  is  of  importance  to  the  design  of  small-molecule  inhibitors 
targeting  these  kinases  and  their  use  in  the  treatment  of  diseases, 
including  cancer.  Both  Pirn- 1  and  -2  are  known  to  enhance  c-Myc- 
induced  transformation  (6,  12)  and  phosphorylate  and  stabilize 
c-Myc  protein,  leading  to  increased  transcriptional  activity  (9). 

In  the  MEFs  used  in  this  study,  Pim-3  expression  alone  enhanced 
cap-dependent  translation,  increased  c-Myc  levels  without  chan¬ 
ging  the  protein’s  stability,  and  increased  the  cell  growth  rate. 
Because  elevated  levels  of  both  Pim-3  and  c-Myc  are  found  in 


gastrointestinal  cancers,  our  results  suggest  the  possibility  that 
Pim-3  might  enhance  the  growth  of  these  tumor  cells  in  part  by 
regulating  c-Myc  levels,  thus  highlighting  the  potential  utility  of 
Pim-3  targeted  inhibitors. 

Materials  and  Methods 

Cell  Culture.  MEFs  were  derived  from  14.5-d-old  embryos  and  were  geno- 
typed  as  described  (45).  For  stable  cell  lines,  TKO  MEFs  were  transduced 
with  lentiviruses  encoding  empty  vector,  PIM-1,  Pim-2,  Pim-3,  or  c-Myc  and 
selected  with  puromycin  (4  ng/mL). 

Construction  of  Lentiviral  Vectors.  The  open  reading  frames  of  PIM-1  (human, 
33  kDa  isoform),  PIM-2  (mouse),  Pim-3  (mouse),  c-Myc  (mouse),  and  PGC-1« 
(human,  a  gift  from  Young-In  Chi,  Department  of  Molecular  and  Cellular 
Biochemistry,  University  of  Kentucky,  Lexington,  KY)  were  amplified  by  PCR 
from  full-length  cDNA  clones  and  subcloned  into  the  Age\-Mlu\  sites  of 
pLex-MCS  lentiviral  vector  (Open  Biosystems).  Methods  for  preparation  of 
lentiviral  stocks  are  detailed  in  SI  Materials  and  Methods. 

Quantitative  RT-PCR  (QT-PCR).  Total  RNA  was  isolated  from  MEFs  using 
the  RNeasy  kit  (Qiagen)  according  to  the  manufacturer's  protocol.  The 
first-strand  cDNA  was  synthesized  using  Superscript  first-strand  synthesis 
kit  and  Oligo  (dT)  primer  (Invitrogen). 

Biochemical  Analysis.  K562  cells  were  transfected  with  scrambled  siRNA  or 
siPim-1  (ON-TARGETplus  SMARTpool,  Thermo  Scientific)  using  Lipofecta- 
mine™2000  (Invitrogen)  according  to  the  manufacturer's  protocol,  and  48  h 
posttransfection  lysates  were  prepared.  Cell  growth  was  measured  using  the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium  bromide  (MTT)  assay. 
ATP,  ADP,  and  AMP  were  measured  by  HPLC  as  described  previously  (46) 
and  ATP  was  also  measured  using  the  ATP  Bioluminescence  Assay  Kit  HS  II 
(Roche)  with  10s  cells.  elF4E  was  captured  on  m7-GTP  sepharose  (GE  Life- 
sciences)  from  WT  and  TKO  MEFs  lysate  and  bound  4EBP1  and  elF4G  deter¬ 
mined  by  Western  blotting. 

35S-Methionine  Incorporation.  Cells  were  serum  starved  for  1  h  in  methionine- 
free  medium  (Invitrogen),  followed  by  labeling  with  100  mCi  of 
S-methionine/mL.  Lysates  and  labeled  proteins  were  precipitated  with 
trichloroacetic  acid  on  glass  microfiber  filters  (Whatman)  using  vacuum 
filtration,  and  3SS-incorporation  was  counted. 

Cap-  vs.  IRES-Dependent  Translation.  A  bicistronic  retroviral  vector,  pMSCV/ 
rLuc-pol  IRES-fLuc  (a  gift  from  Peter  B.  Bitterman,  Department  of  Medicine 
University  of  Minnesota,  Minneapolis,  MN),  was  used  to  produce  viral 
particles  for  infecting  WT,  TKO  and  TKO/Pim-3  MEFs.  Cells  were  collected 
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48  hr  postinfection  and  Renilla/Firefly  luciferase  activities  were  quantified 
using  the  dual-luciferase  reporter  assay  system  (Promega)  and  a  luminometer 
according  to  the  manufacturer's  instructions. 

Polysome  Profile  Analysis.  Sucrose  density  gradient  centrifugation  was 
employed  to  separate  the  ribosome  fractions  as  described  previously  (47). 
c-Myc  rrtRNA  level  in  each  fraction  was  measured  by  PCR. 
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SI  Materials  and  Methods 

Reagents  and  Cell  Culture.  The  following  antibodies  were  used  in 
“,s  St“dy  and  w;ere  obtained  from  Cell  Signaling  (CS)  or  Santa 
Cruz  Biotechnology  (SC):  p-AMPKa  (T172)  (CS2535)  AMPKa 

(S?9)  (^3661)’  ACC  (CS3676):’p-mpS 

rwmpD2083  ’  /aPt0r  (CS228°)>  P-S6K  (CS9206),  S6K 
(CS9202),  Pim-1  (SC28777),  p-4EBPl  (T37/46)  (CS2855I 
4EBP1  (CS9452).  LKB1  (SC28788),  eIF4E  (CS9742)  mTOR 
(CS2983),  Pim-2  (SC135I4),  Pim-3  (SC98959)  c-Myc  (CS9402) 
PGC-la  (SC13067),  eIF4G  (CS2498).  Add.tioi’J anybodies  were 
purchased  from  other  sources:  actin  (Sigma  A3854),  and  GAPDH 
(Sigma  G9295).  Mouse  embryonic  fibroblasts  (MEFs),  K562  and 
lung  cancer  cell  lines  were  cultured  in  DMEM  containing  10% 
fetal  bovine  serum.  6 

Construction  of  Lentiviral  Vectors  and  Preparation  of  Lentiviral  Stocks. 

Lentiviral  shRNA  constructs  (nontargeting  shctl  and  Pim-3  tar¬ 
geting,  shPim-3)  were  purchased  from  Open  Biosystems.  Lenti¬ 
viral  particles  were  produced  by  transfecting  293Tcells  in  a  10-cm 
dish  with  9  mg  of  lentiviral  plasmid,  28.5  mg  of  translentiviral 
packaging  mix  (Open  Biosystems),  and  187.5  mg  of  transfection 
reagent.  Express-in  (Open  Biosystems)  according  to  the  manu¬ 
facturer  s  recommendations.  Forty-eight  hours  after  transfection 
viral  supernatants  were  collected,  filtered,  concentrated  25-fold 
by  centrifugation  at  50,000  x  g  at  4  °C  for  3  h,  and  aliquots  were 


stored  at  -80  C.  The  titers  of  the  concentrated  viral  particles 
were  measured  with  a  P24  ELISA  kit  (Cell  Biolabs,  Inc.)  and 
found  to  be  between  10%  10*  transduction  units  (TU)/mL.  For 
transduction,  1  x  106  cells  were  infected  with  106  TU  of  viral 
stock  using  the  Viraductin,  lentiviral  transduction  kit  (Cell  Bio¬ 
labs,  Inc  )  according  to  the  manufacturer’s  recommendations 
Forty-eight  hours  later,  cells  were  harvested,  lysed,  and  protein 
expression  analyzed  by  SDS-PAGE  followed  by  Western  blotting. 

“-f-  RdatiVe  9uant*f*caOon  of  gene  expression 

was  achieved  by  quantitative  real-time  PCR  (iQ5  Multicolor 
Real-Time  PCR  detection  system,  BioRad  Laboratories)  using 
iQ5  optical  system  software.  The  expression  levels  were  normal- 
ized  to  GAPDH.  The  primers  used  for  real-time  PCR  are 
listed  below. 

Pim-3.  Forward  T GT GGT CT CT GGGTGTACTGCG 
Reverse  G ACACCACT CAATAAGCTGCTGG 

PGC-la.  Forward  G AAT CAAGCCACTACAGACACCG 
Reverse  CAT CCCT CTT GAGCCTTTCGTG 

GAPDH.  Forward  CCCACTAACAT CAAATGGGG 
Reverse  AT CCACAGT CTT CTGGGTGG 
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Fig.  SI  (A)  Lysates  were  prepared  48  h  after  transduction  with  empty  vector  (EV)  Pimi  u  L 

in  wild-type  MEFs  (WT)  are  shown  for  comparison.  (6)  Expression  of^^  f  T*  ^  ^  f0rthe  indiCated  proteins- The  levels 
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value  of  WT  MEFs  at  the  96  h  time  point  (100%).  ^ (MTT)  ***  va.ues  are  relative  to  the 

mean  is  shown.  (O  4EBP1  binding  to  elF4E  is  increased,  while  elF4G  binding  to  elF4E is dec™  H JPend^t  measurements,  and  the  standard  deviation  from  the 
TKO  MEFs  lysate,  and  the  levels  of  bound  4EBP1  and  elF4G  were  determined  bv  Western  hln^ !™wn V ME  WaS  captured  on  m'~GTP  resin  from  WTand 
lentiviruses,  and  48  h  later  lysates  were  probed  for  c-Myc  and  Pirn  kinase  levels  blottln9-  <D>  TKO/Pim-3  MEFs  were  infected  with  EV,  Pim-1,  or  Pim-2 
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, (,f  P'"1'3  T levels  m  each  of  tha  ^EFs  determined  by  quantitative  RT-PCR.  Values  are  the  average  of  three  independent  measurements  and  the 
standard  deviation  from  the  mean  is  shown.  (S)  c-Myc  protein  levels  in  WT,  TKO,  and  Pim-3-only  MEFs  as  determined  by  Western  blotting  with  GAPDH  as  a 
loading  control.  MEFs  were  generated  as  described  in  Materials  and  Methods  and  were  derived  from  separate  embryos.  These  MEFs  were  not  usedfor  the 
MCC  r'TnntS  S!^7n,'n  th,e  maln^ext  and  only  serve  t0  valldate  that  the  increased  c-Myc  protein  levels  in  the  Pim-I"/-,  -2~'-  - 3 cells  are  not  unique  to  a  sinqle 
MEf  Cercw?e'  5  SP'ean  lysates  from  age-matched  WTand  TKO  mice  were  probed  for  c-Myc  protein.  (D)  c-Myc  protein  stability  in  TKO  MEFs  expressing  empty 
vector  (EV)  or  Pim-3.  Cells  were  treated  with  cycloheximide  (CHX,  1 0  pM)  and  lysates  prepared  at  the  indicated  time  points  and  probed  for  c-Myc  protein  levels 

m  ?  1 Z  V  eq  ,Ua' am°“n,t  °f  C‘^yc  Protein  at  the  0  min  time  Poi«,  —2. 5-fold  more  TKO/EV  protein  lysate  was  loaded  relative  to  TKO/Pim-3.' 

(f)  Lysates  were  prepared  after  48  h  transduction  with  EV  or  c-Myc  lentiviruses  and  probed  for  the  indicated  proteins. 


TKO 

EV  PGC-1a 

elF4G 

elF4E 

4EBP1 


Fig.  S3.  TKO  MEFs  were  infected  with  empty  vector  (EV)  or  PGC-1a  lentiviruses,  and  48  h  later  elF4E 
4EBP1  was  determined. 


was  captured  on  m7-GTP  resin  and 


binding  to  elF4G  and 
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